Iron oxides containing nano-sized graphite particles were prepared from porous iron carbide and reaction characteristics of the oxides/ graphite composite mixture were investigated by thermogravimetry in combination with microstructure analysis using X-ray diffractometry and optical microscopy. A drastic mass reduction was observed in a temperature range between 833 K and 1023 K, and the loss of mass reached 2.8%. The mass reduction was found to correspond to a growth of Fe and FeO at the expense of Fe 3 O 4 and Fe 2 O 3 in the composite mixture, suggesting that the oxides were reduced by graphite. The oxides-graphite reaction is presumably indirect reduction caused by CO and H 2 that are generated through the water gas reaction, C + H 2 O ! CO + H 2 .
Introduction
It has previously been reported by Akiyama et al. and Ito et al. that iron carbide can be recognized as a possible hydrogen source available at temperatures around 573 K when reacting with steam. 1, 2) Hisa et al. have thereafter revealed using materialographic techniques that hydrogen generation at such low temperatures is attributed to oxidation of iron carbide by steam, which is represented by the following equation: 3) 
Carbon formed through the reaction was found to remain in the iron carbide in the form of nano-sized graphite particles that are dispersed uniformly in the oxide matrix. For the microstructure of this kind, iron oxides are potentially reduced by graphite when exposed to high temperatures. The reduction kinetics of iron oxides by fine graphite particles was investigated in detail over wide temperature ranges with mechanically milled hematite/ graphite mixtures by several researchers. 4, 5) It was revealed that microstructure refinement by milling greatly accelerated the reduction process and, at the same time, decreased the initiation temperature of the reaction. In addition, Khaki et al. reported that the effect of structure refinement was more noticeable for graphite than for hematite. 5) Thus, it would be expected that the graphite in the oxidized iron carbide may exhibit good reaction characteristics in the reduction of iron oxides because of its nano-sized nature, and in addition to hydrogen, metallic iron can possibly be collected from iron carbide at low temperatures.
In the present study, porous iron carbide produced directly from iron ore was pre-oxidized in an argon atmosphere containing water to form an iron oxide/graphite composite structure, and the reaction characteristics of the composite was subsequently analyzed by thermogravimetry. A possibility of iron formation through the reaction between iron oxides and nano-sized graphite in the composite was examined by ex situ microstructure characterization using X-ray diffractometry and optical microscopy.
Experimental Procedures
The iron carbide used in the present study was prepared by a two-step fluidized bed method. 6) Chemical analysis revealed that the iron carbide contained around 90 mass% of Fe 3 C, as well as metallic iron and iron oxides (mainly Fe 3 O 4 ) as impurities. After sieved mechanically with a 300 mm stainless steel sieve, about 150 mg of iron carbide powder was weighed out and put in a cylindrical sample pan made of alumina for heat treatment and thermogravimetry (TG) using a simultaneous thermal analyzer. Following drying treatment at 393 K for 3.6 ks, two consecutive heat treatments were applied to the iron carbide powder. Firstly the powder was heated up to 673 K at a constant rate of 10 Kmin À1 and kept at the temperature for 86.4 ks for oxidation treatment. Then, immediately after furnace-cooled down to 298 K, the oxidation-treated specimen was continuously heated up to 1073 K at 10 Kmin À1 for TG analysis. All procedures were conducted under a flowing argon atmosphere containing 4.6 ppm of water, and the flow rate of argon gas was set at 50 cm 3 min À1 .
The heat treated specimens were subjected to powder X-ray diffractometry (XRD) for phase identification with an X-ray powder diffractometer equipped with a rotational Cu target (tube voltage = 50 kV, tube current = 300 mA) and a graphite monochromator. The microstructure of the iron carbide specimens was investigated by cross-sectional microscopy. After molded in polyester resin, they were polished mechanically with a conventional polishing technique and examined under an optical microscope. Figure 1 shows the time evolution of sample mass during the oxidation treatment at 673 K. While the heat treatment proceeded, the mass of the iron carbide specimen increased monotonically up to around 28.8 ks, beyond which the rate of mass increase gradually decreased with reaction time. Since the mass increase at 673 K has been found to result from oxidation of iron carbide by steam, 3) two consecutive oxidation mechanisms were likely to operate in the iron carbide-steam reaction at this temperature.
Results and Discussion
Cross-sectional microscopy confirmed that oxidation proceeded to a large extent in the iron carbide specimen during the prolonged oxidation treatment. As shown in Fig.  2(b) , the microstructure of the oxidation-treated iron carbide particle was almost entirely occupied by a dark-toned phase, which was identified as iron oxides containing nano-sized particles of graphite. Unreacted Fe 3 C, appearing bright in the micrograph, was dispersively present, but its volume fraction was small compared to that of the oxide phase. Furthermore, comparison between Figs. 2(a) and (b) revealed that the oxidation treatment made the microstructure of the iron carbide particles less porous; fine cracks and pores contained in raw particles were scarcely observed in oxidation-treated particles. Such structural densification presumably stems from a volume expansion due to the phase transformation from Fe 3 C to Fe 3 O 4 and might correlate with the deceleration of oxidation seen in Fig. 1 .
The result of TG analysis for the oxidation-treated iron carbide specimen is presented in Fig. 3(a) . The TG curve was almost flat up to 723 K, suggesting that further oxidation rarely took place in the pre-oxidized specimen. Then, after taking a small increase ($0:1%) perhaps due to the oxidation of residual Fe 3 C, the relative mass of the specimen started to decrease drastically at around 833 K. This temperature was found to be approximately 20 K higher than the initiation temperature for Stage II in the iron carbide-steam reaction. 3) The mass decrease continued until the temperature reached 1023 K, and afterward the sample mass turned increasing again. The amount of mass reduction occurred between 833 K and 1023 K was measured to be 2.8%. Figure 3(b) indicates a characteristic microstructure of the iron carbide specimen after furnace-cooled down to 298 K, following the TG analysis. It was found that a bright phase with a coarse granular microstructure was present inside the particles although its distribution varied in each particle. The bright phase showed a metallic gloss under an optical microscope and was thought to be a reduction product of the graphitecontaining iron oxide.
Phase analysis by XRD supported the results of crosssectional microscopy. As Fig. 4(b) indicates, Fe 3 O 4 and Fe 2 O 3 were the major phases in the oxidation-treated specimen, suggesting that Fe 3 C contained in the raw specimen ( Fig. 4(a) ) was largely oxidized by steam. After a continuous heating to 1073 K was applied on the preoxidized specimen, reflections from Fe 3 O 4 and Fe 2 O 3 were weakened and, in contrast, diffraction peaks that belong to Fe and FeO increased their intensity, as shown in Fig. 4(c) . The result suggests that the reduction of Fe 3 O 4 and Fe 2 O 3 led to the formation of Fe and FeO in the specimen. The mass reduction occurred at 833 K was, therefore, primarily attributed to this reaction and perhaps included a contribution from the decomposition of the residual Fe 3 C that brought on the co-production of Fe and H 2 . 1) Based on the above-mentioned results, the reduction process were assumed to be described possibly by the following equations: 7) However, it was calculated that, starting with 1 mol of Fe 3 C (refer to the reaction (1)), any of those reactions should accompany more than 9% of mass reduction at completion, which is much higher than the experimentally measured value, 2.8%. This suggests that, despite the fact that graphite was still present in the specimen (Fig. 4(c) ), the reduction of the iron oxides was somehow terminated without completion before the re-oxidation (i.e. mass increase) of the specimen became dominant at 1023 K. The reason for the incomplete termination remains unclear, but one possibility is probably that a relative amount of carbon was consumed by reacting directly with water in the argon gas to form carbon monoxide; i.e.
Because this is a gas-solid reaction, it should only be induced by graphite particles included in areas adjacent to the external and internal surfaces of the pre-oxidized iron carbide particles. Therefore, if the formation of Fe and FeO from Fe 3 O 4 is supposed to occur as a result of indirect reduction of Fe 3 O 4 by CO generated through the reaction (4), then a limited amount of graphite can only contribute to the reaction, resulting in a low reduction yield of Fe 3 O 4 . The eqs.
(2) and (3) were thus modified so as to include H 2 O as a reactant, and the reaction equations for the reduction taking place in the pre-oxidized iron carbide were accordingly proposed as follows.
It is also anticipated that hydrogen generated through the reaction (4) should contribute to the reduction of iron oxides: for example,
If H 2 O in the above reaction successively causes the shift reaction with CO, namely
then the overall reaction becomes identical to the reaction (5) . Consequently, the eqs. (5) and (6) can be applied to the iron oxide/hydrogen reaction. Further clarification of the behavior of carbon in the iron carbide would be a key to a full understanding of the mechanism of iron formation from the graphite-containing iron oxides derived from the porous iron carbide. To achieve the goal, it is essential to trace carbon precisely throughout the reactions by means of composition analysis (e.g. gas 50 µm chromatography and X-ray spectroscopy) in combination with thermal analysis and microscopy.
Summary
The reaction characteristics of iron oxides containing nano-sized graphite particles were analyzed by thermogravimetry at a constant heating rate of 10 Kmin À1 . The iron oxides were derived from porous iron carbide by isothermal heat treatment (oxidation treatment) at 673 K for 86.4 ks in a flowing argon atmosphere containing 4.6 ppm of water. Xray diffractometry and optical microscopy were employed to examine the phase and microstructure evolutions brought into the specimens by the heating processes. The results are summarized as follows.
(1) During the oxidation treatment sample mass increased monotonically up to 28.8 ks, and then mass increase decelerated, suggesting that the oxidation of the porous iron carbide is controlled by two consecutive mechanisms. (2) A drastic mass reduction occurred in a temperature range between 833 K and 1023 K in the thermogravimetry curve for the pre-oxidized iron carbide. The amount of mass reduction was measured to be 2.8%. (3) The mass reduction was confirmed to occur as a consequence of the reduction of Fe 3 O 4 and Fe 2 O 3 to Fe and FeO, and the reaction was likely to be indirect reduction caused by nano-sized graphite with a help of water contained in the argon gas. (4) The equations that describe the reduction process were proposed as follows:
( 
